In vertebrates, the senses of hearing and balance depend on hair cells, which transduce sounds with their hair bundles, containing actin-based stereocilia and microtubule-based kinocilia. A longstanding question in auditory science is the identity of the mechanically sensitive transduction channel of hair cells, thought to be localized at the tips of their stereocilia. Experiments in zebrafish implicated the transient receptor potential (TRP) channel NOMPC (drTRPN1) in this role; TRPN1 is absent from the genomes of higher vertebrates, however, and has not been localized in hair cells. Another candidate for the transduction channel, TRPA1, apparently is required for transduction in mammalian and nonmammalian vertebrates. This discrepancy raises the question of the relative contribution of TRPN1 and TRPA1 to transduction in nonmammalian vertebrates. To address this question, we cloned the TRPN1 ortholog from the amphibian Xenopus laevis, generated an antibody against the protein, and determined the protein's cellular and subcellular localization. We found that TRPN1 is prominently located in lateral-line hair cells, auditory hair cells, and ciliated epidermal cells of developing Xenopus embryos. In ciliated epidermal cells TRPN1 staining was enriched at the tips and bases of the cilia. In saccular hair cells, TRPN1 was located prominently in the kinocilial bulb, a component of the mechanosensory hair bundles. Moreover, we observed redistribution of TRPN1 upon treatment of hair cells with calcium chelators, which disrupts the transduction apparatus. This result suggests that although TRPN1 is unlikely to be the transduction channel of stereocilia, it plays an essential role, functionally related to transduction, in the kinocilium.
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ciliary ͉ mechanosensory ͉ transduction ͉ transient receptor potential channel T he senses of hearing and balance depend on the operation of hair cells in the inner ear and, in aquatic vertebrates, the lateral line (for review see ref. 1) . Hair cells bear microscopically fine projections, the stereocilia, on their apical surfaces; these stereocilia contain actin filaments and are grouped in hair bundles. Individual stereocilia within a bundle are connected by different types of links, most notably the tip links, which interconnect the tips of the stereocilia. Most hair cells, with the exception of those from the hearing organs of mammals and birds, contain on their apical surface in addition to the stereocilia one kinocilium, which is coupled to the hair bundle by kinocilial links. The kinocilium is a true cilium containing a (9 ϩ 2) arrangement of microtubules, similar to motile cilia. The displacement of the hair bundle by mechanical forces increases tension in the tip links, opening the mechanotransduction channels and depolarizing the hair cell. In frog hair cells, the mechanical forces are delivered through the kinocilium to the stereocilia (2).
The transduction channels of vertebrate hair cells are nonselective cation channels with a high permeability to Ca 2ϩ (3) (4) (5) . They are blocked by micromolar concentrations of ruthenium red (6) and allow the passage of the small fluorescent dye FM 1-43 (7, 8) . These characteristics make ion channels of the transient receptor potential (TRP) family good candidates for the transduction channel (9, 10) . Recently, functional evidence has accumulated that implicates TRP channels in transduction. Analysis of mutant flies in which the sensory bristles had mechanoreceptor potentials of diminished amplitude revealed that some of these flies had a defect in a gene called nompC (11) . The protein encoded by nompC is a TRP channel, now called TRPN1, characterized by 29 ankyrin repeats at its intracellular N terminus (11) . A TRPN1 ortholog is present in zebrafish; morpholino-mediated removal of TRPN1 function eliminated electrical responses in zebrafish hair cells, resulting in larval deafness and imbalance (12) . Although the analysis of TRPN1-deficient flies and zebrafish indicated that TRPN1 is essential for mechanotransduction in these organisms, evidence for its cellular and subcellular location in mechanosensitive organs was lacking.
One puzzle with TRPN1 is that it is apparently absent from the completely sequenced genomes of higher vertebrates such as humans and mice (12) . Very recently, another TRP channel, TRPA1 (formerly known as ANKTM1), was proposed as a transduction channel of both lower and higher vertebrates (13) . This finding questioned the relative importance of TRPA1 and TRPN1 for transduction in lower vertebrates. To address this question, we cloned the TRPN1 ortholog from the amphibian Xenopus laevis and investigated its cellular and subcellular location. Our results show that TRPN1 is prominently expressed at the tip of the kinocilium, consistent with an essential role in hair-cell function (12) , but in kinocilia instead of stereocilia.
Materials and Methods
Cloning of xlTRPN1. We compared the coding sequences of Danio, Drosophila, and Caenorhabditis TRPN1 and used conserved regions to design PCR primers nompC-H1644-u (5Ј-CAY-CAYYTRTTCGGVCCITGGGC-3Ј) and nompC-R1785-l (5Ј-CGCTGRTAKGTRTCRCTCATCAT-3Ј). Poly(A) ϩ RNA was isolated from stage V-VI oocytes of X. laevis and reversetranscribed (SuperScript reverse transcriptase; Invitrogen). Using this cDNA as a template, a 390-bp PCR product showing homology with other TRPN1 genes was obtained. This PCR product was extended in four consecutive rounds of 5Ј-RACE and one round of 3Ј-RACE. RACE was performed by using the Smart RACE cDNA amplification kit (Clontech) with RNA from oocytes or spleen of an adult Xenopus female. PCR products were subcloned with the TOPO-TA cloning kit (Invitrogen) and sequenced. Full-length xlTRPN1 (GenBank accession no. AJ576027) was assembled from the different RACE products. The presence of a stop codon upstream of the methionine was confirmed in independent RACE reactions with different sets of primers.
Generation of xlTRPN1 Antiserum. A synthetic peptide (CIPVN-VKGKFST) corresponding to the C terminus of xlTRPN1 was coupled by its cysteine to keyhole limpet hemocyanin and used to raise a polyclonal antiserum in rabbits (Charles River Laboratories). Interestingly, the C-terminal sequence was not present in bullfrog TRPN1 (J.-B.S. and P.G.G., unpublished data). The antiserum was purified by affinity chromatography with the synthetic peptide.
Immunostaining of Xenopus Embryos. Embryos were raised in 0.1ϫ Marc's modified Ringer's (MMR) solution (10 mM NaCl͞0.2 mM KCl͞0.2 mM CaCl 2 ͞0.5 mM Hepes͞0.1 mM MgCl 2 ͞0.01 mM EDTA, pH 7.8) without the standard gentamicin supplementation. Embryo batches, in which the lateral-line cells were to be selectively killed, were exposed to 1 mM neomycin in 0.1ϫ MMR from stage 31 to stage 48. For immunohistochemistry, embryos were fixed with MEMFA (3.7% formaldehyde in 1ϫ MEM salts) at stage 48 and stored in 1ϫ PBS with 0.1% sodium azide. Before immunohistochemistry, embryos were incubated in PBS plus 1% Triton X-100 for 20 min. Embryos were then blocked with PBT-BSA (PBS containing 0.1% Tween 20 and 1% BSA) plus 10% goat serum. The TRPN1 primary antibody was used at 4 g͞ml, followed by PBS-BSA washes (six times, 1 h each). An alkaline phosphatase-conjugated anti-rabbit secondary antibody was applied at a dilution of 7.5 g͞ml, followed by washes (six times, 1 h each), and detected by using the standard 5-bromo-4-chloro-3-indolyl phosphate͞nitroblue tetrazolium substrate. The negative controls were performed in exactly the same protocol, except that the primary antibody was preadsorbed with excess (1 mg͞ml) TRPN1 peptide, rocking at 4°C overnight before addition to the embryos.
Immunostaining of Xenopus Sacculi. Xenopus sacculi were dissected in a saline solution (containing 110 mM NaCl, 2 mM KCl, 2 mM MgCl 2 , 3 mM D-glucose, and 10 mM Hepes, pH 7.25) with 4 mM CaCl 2 . Sacculi were incubated in 75 g͞ml protease XXIV (Sigma) for 10 min to allow removal of the otolithic membrane with fine forceps. For EGTA treatment, tissues were incubated for 30 min in 5 mM EGTA in saline. All samples were washed three times in PBS and fixed for 25 min with 3% formaldehyde in PBS. After blocking for 1 h with 1% BSA, 3% normal donkey serum, and 0.2% saponin in PBS, samples were incubated with primary antibodies overnight at room temperature in blocking buffer. Rabbit anti-xlTRPN1 was used at 2 g͞ml, and monoclonal anti-␣-tubulin (Sigma) was used at 1:500. The blocking peptide was used in a concentration of 1 M. After washing 3 ϫ 5 min with PBS, samples were incubated with secondary antibodies (7.5 g͞ml Cy3-conjugated donkey anti-rabbit IgG and Cy5-conjugated donkey anti-mouse IgG; Jackson ImmunoResearch Laboratories) and 0.25 M FITC-phalloidin (Sigma) in the blocking solution for 1-3 h. Finally, organs were washed five times in PBS and mounted in Vectashield (Vector Laboratories). To obtain profile views from hair bundles, sacculi were mechanically disrupted by using a fine forceps while tissues were in Vectashield. Samples were viewed with Plan Apochromat ϫ60 (numerical aperture, 1.40) oil lenses on a Nikon TE 300 inverted microscope with a Bio-Rad MRC 1024 confocal imaging system. Amplification Protocol. A modified version of the Vectastain ABC kit protocol for rabbit IgG was used (Vector Laboratories). Primary steps of the protocol were identical to the staining protocol described above. After overnight incubation with the primary antibody (antibody concentration 0.67 g͞ml) at room temperature, sacculi were washed three times in PBS and incubated in a solution containing biotinylated anti-rabbit IgG (prepared according to the ABC kit) for 1 h. Then the tissue was washed three times in PBS, incubated for 30 min in the ABC reagent made up according to the ABC kit, washed again, and incubated again in diluted biotinylated tyramine for 10 min. After three more PBS washes, the samples were incubated in PBS containing streptavidin-Cy5 (7.5 g͞ml) and 0.25 M FITC-Phalloidin for 1 h. Finally, samples were washed five times in PBS and mounted in Vectashield (Vector Laboratories).
Results
Cloning of TRPN1 from X. laevis. We isolated a cDNA for the TRPN1 (or NOMPC) ortholog from X. laevis by homology cloning (see Materials and Methods). The TRPN1 cDNA clone encodes a 1,521-aa protein with a predicted molecular mass of 168 kDa. Xenopus and zebrafish TRPN1 are 63% identical at the amino acid level, whereas Xenopus and Drosophila TRPN1 are 43% identical (Fig. 4 , which is published as supporting information on the PNAS web site). xlTRPN1 has a long N terminus with 28 ankyrin repeats. By contrast, TRPN1 from zebrafish and Drosophila contain 29 ankyrin repeats; the most N-terminal ankyrin repeat is missing from xlTRPN1 (Fig. 4) . The ankyrin repeats of xlTRPN1 are followed by six predicted transmembrane domains (S1-S6) and a short C terminus.
Phylogenetic analysis (Fig. 5 , which is published as supporting information on the PNAS web site) indicates that TRPN1 is only distantly related to other TRP channels; the closest relatives are the TRPC and TRPM channels. Moreover, there is no evidence for a second TRPN1 channel from Xenopus and zebrafish EST and genomic databases or from the complete Drosophila genome, suggesting that there is only one member of the TRPN1 family in each of these organisms. Because formation of heteromeric channels is usually confined to subunits within a subfamily (14, 15) , it is likely that TRPN1 forms a homomultimeric channel.
We raised an antibody against the C terminus of xlTRPN1 and purified the antiserum against the peptide that was used for immunization. Immunoblot analysis of xlTRPN1 heterologously expressed in Xenopus oocytes revealed a single crossreactive protein with an apparent molecular mass of Ϸ170 kDa (Fig. 6 , which is published as supporting information on the PNAS web site).
Localization of TRPN1 in Xenopus Embryos. We investigated the distribution of xlTRPN1 in different tissues by immunohistochemistry. First, we examined the lateral line, part of the sense of equilibrium of tadpoles. We used the dye FM1-43, which passes through open transduction channels (7, 8) , to detect lateral-line hair cells (16) in the head of stage-45 (corresponding to Ϸ4.5 days postfertilization) Xenopus embryos ( Fig. 1 A and C) . Staining with the anti-TRPN1 antibody revealed specific localization of TRPN1 to the arc of lateral-line stitches surrounding the eye, as well as the neurons surrounding the nostrils (Fig. 1 E  and G) . We determined whether stained cells in the lateral line corresponded to sensory hair cells by treating the embryos with the aminoglycoside antibiotic neomycin, which specifically destroys hair cells (17) . FM1-43 staining revealed that the lateralline hair cells were indeed absent from neomycin-treated embryos ( Fig. 1 B and D) . In these embryos, the TRPN1 staining in the arc of stitches surrounding the eye was also absent (although nostril staining remained, as an internal positive control; Fig. 1F ), indicating that TRPN1 is expressed in the lateral-line hair cells. The staining was specific for TRPN1, because it could be prevented by preincubating the antibody with the epitope peptide (Fig. 1H) .
In addition to lateral-line hair cells, a population of cells that are evenly distributed over the whole surface of the embryo was strongly stained by the anti-TRPN1 antibody (Fig. 2B) , whereas another population of epidermal cells was more weakly stained (Fig. 2B) . Sectioning confirmed the predicted cell-membrane localization of TRPN1 in these cells (Fig. 2C) . Preincubating the antibody with the immunogenic peptide completely prevented this staining (Fig. 2 A) . The distribution of TRPN1-positive cells resembled the distribution of ciliated epidermal cells, which contain motile cilia characterized by a (9 ϩ 2) arrangement of microtubules (18, 19) . We investigated whether the stained cells in the epidermis correspond to ciliated cells by staining the embryos with an antibody against ␣-tubulin, a principal component of cilia. Overlaying the images obtained with the anti-TRPN1 antibody (Fig. 2D) and the anti-␣-tubulin antibody (Fig.  2E) revealed that both antibodies stained the same cells in 100% of the embryos examined (Fig. 2F) . We then examined each cell at high magnification. Transmitted light photography revealed the tuft of cilia on the surface of a ciliated cell (Fig. 2G) . These cilia were stained by TRPN1 (Fig. 2H ) and confirmed as cilia by ␣-tubulin staining (Fig. 2I) . Merging the views revealed 100% overlap (Fig. 2 J) , showing that TRPN1 is present specifically on cilia. High magnification revealed that whereas TRPN1 protein was present throughout the surface of the cilia, there were specific nodes on each cilium, especially at its bottom (Fig. 2K) , close to the basal body, and at its tip ( Fig. 2 L and M) , where TRPN1 was highly enriched.
Localization of TRPN1 in Xenopus Sacculi. Finally, we addressed whether TRPN1 is expressed in the inner ear of Xenopus. The frog inner ear consists of the sacculus, the utriculus, the semicircular canals, and the lagena. The most prominent of these organs is the sacculus, which detects vertical linear acceleration with its Ϸ2,500 mechanosensitive hair cells (20) . Because hair cells residing in the frog sacculus are significantly larger than those in many other organisms, they provide an excellent model to study the localization of TRPN1 protein in hair cells at high resolution. Whole mounts of Xenopus sacculi were labeled with the anti-TRPN1 antibody. The strongest signal was seen in the tip of the kinocilium, at the bulb that marks the end of this process (Fig. 3A) . Sparse punctate staining was also observed in cell bodies of hair cells and supporting cells. The specificity of the staining was confirmed by preincubating the antibody with the epitope peptide (Fig.  3B) ; kinocilial bulb immunoreactivity was fully prevented, but cell body labeling was only slightly diminished. We found similar TRPN1 immunolocalization in the utricle and the lagena (data not shown). To examine low-level TRPN1 expression, we used an amplification protocol that used biotinylated tyramine, peroxidase, and f luorescent streptavidin (21) . Using this method, we were unable to detect TRPN1 at stereocilia tips (data not shown). We conclude from these experiments that TRPN1 is abundant in the kinocilial bulb but is probably not present at stereocilia tips at significant levels.
If TRPN1 is essential for transduction in frog hair cells but present in kinocilia, it may couple mechanically with kinocilial links, recently identified as cadherin 23 (Cdh23) (22, 23) . In frog hair cells, kinocilial links connect the kinocilium to the two to six tallest stereocilia at the kinocilial bulb (24) . TRPN1 labeling was adjacent to strong labeling for Cdh23 in kinocilial links, although Cdh23 was clearly present in stereocilia and TRPN1 in kinocilia (Fig. 3 C and D) . Kinocilial link cleavage may release the channel from its mechanical restraints and could result in its relocalization within hair cells. Calcium chelators like EGTA and 1,2-bis(2-aminophenoxy)ethane-N,N,NЈ,NЈ-tetraacetate (BAPTA) cleave not only tip links, but kinocilial links as well (25) . Indeed, after EGTA treatment (5 mM, 30 min), TRPN1 immunoreactivity at the kinocilial bulb was reduced in intensity; simultaneously, immunoreactivity appeared at the base of the kinocilium (Fig. 3 E-O) , resembling the relocalization of Cdh23 signal in the bullfrog (22) . We confirmed that EGTA treatment relocalizes Cdh23 labeling in Xenopus hair cells (data not shown), comparable to the findings described for bullfrog hair cells (22) .
Discussion
We demonstrate here that TRPN1 (or NOMPC) is present in the mechanoreceptive organs of Xenopus, the lateral-line and vestibular hair cells, further supporting the idea that it is essential for mechanotransduction in hair cells of some vertebrates. Within hair cells, TRPN1 is highly abundant in the terminal bulbs of the microtubule-based kinocilia. Moreover, the relocalization of TRPN1 staining after EGTA treatment is consistent with it sharing properties with the transduction apparatus. Our data do not support the hypothesis that TRPN1 is expressed at the tips of the actin-based stereocilia. Because another TRP channel, TRPA1, localizes to the tips of the stereocilia in the bullfrog (13) , it is reasonable to conclude that TRPA1 but not TRPN1 is the main transduction channel of frog stereocilia. This conclusion contrasts with the complete deafness induced in zebrafish injected with morpholino oligonucleotides that suppress TRPN1 expression (12) . Although it is possible that TRPN1 also plays a role in stereocilia in zebrafish or that transduction there occurs in kinocilia, it seems more likely that the essential role for TRPN1 is in the kinocilium. However, when microdissected from the rest of the bundle, kinocilia do not transduce; moreover, the receptor potential of hair cells lacking a kinocilium is not noticeably less than one with a kinocilium (26) . Although functional data are lacking, it is nevertheless plausible that when attached to stereocilia, kinocilia carry a small TRPN1-mediated transduction current. Alternatively, a role for TRPN1 might not even require channel function; perhaps TRPN1 is the receptor in the kinocilium for the Cdh23 filaments that make up the kinocilial links, which are essential for propagation of forces to the stereocilia.
Expression of TRPN1 in the beating cilia of the ciliated cells of the larval epidermis was unexpected. Ciliated cells originate from the inner sensorial layer of the bilayered epidermis and become visible on the surface of the embryos early in development (Ϸ18 h after fertilization), disappearing during metamorphosis (27) . The function of ciliated cells is enigmatic but it has been proposed that by beating in the same direction they could generate directed fluid flow in the intravitelline medium (28) . The expression of TRPN1 in these cilia is reminiscent of the expression of another TRP channel, TRPP2 (also known as polycystin-2 or PKD2), in primary cilia of kidney cells (29, 30) . It has been proposed that the kidney primary cilium is a sensory organelle, monitoring the rate of fluid flow through the kidney tubules (31) . TRPP2 may mediate Ca 2ϩ influx into the cilium upon mechanical bending of the cilium (32) . We speculate that TRPN1 serves a similar role in the cilia of epidermal ciliated cells. The presence of TRPN1 in motile cilia of the frog larval epidermis and in the kinocilium of frog hair cells, its apparent absence from stereocilia of frog hair cells, and its required role in transduction carried out by microtubule-based mechanosensory neurons of fly bristles (11) together suggest that TRPN1 is restricted to true cilia.
Interestingly, we found TRPN1 not only concentrated at the tips of the epidermal cilia, consistent with a sensory function, but also at their base. Cilia depend for their assembly and maintenance on a specialized transport system, known as intraflagellar transport (IFT) (31) . In Chlamydomonas, IFT particles are localized primarily to the base of the cilium, whereas only a few particles, probably representing those in transit, are in the cilium (33) . We speculate that the strong TRPN1 staining at the base of the cilium reflects its association with IFT particles, whereas the punctate staining along the length of the cilium may reflect IFT particles containing TRPN1 in transit. This hypothesis would predict that there is intense transport of TRPN1 to the tip of the cilium, indicating a high turnover of this protein. Likewise, the strong immunoreactivity at the base of the kinocilium after hair cells are treated with calcium chelators may reflect IFT particles destined for the distal end of the kinocilium, bearing TRPN1 molecules for repair of the damaged linkage.
From analysis of presently available sequence databases, TRPN1 is not present in the genomes of birds and mammals. In contrast, TRPA1 is present in the genomes of birds and mammals as well as fishes and amphibians (13) . Thus, TRPN1 and TRPA1 coexist in lower vertebrate species, suggesting that lower vertebrates have two channels that could mediate transduction. Higher vertebrates preserved only one of them, TRPA1, whereas TRPN1 vanished during evolution. Therefore, it seems that TRPN1 served a function in lower vertebrates that became dispensable in higher vertebrates. At present, we can only speculate about this function of TRPN1 but its strong expression in true cilia argues for a specialized function of TRPN1 there. Nevertheless, our results both support the idea that TRPN1 plays an essential role in hair-cell transduction and increase our understanding of the molecular evolution of transduction mechanisms in vertebrate hair cells.
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